The goal of our study is to develop a human interface of a wearable robot for walking on a step. Our system consists of (1) sensing of a step from a movement of a walker, (2) detecting a foot placement state related to a edge of a step and (3) generating gait patterns of climbing and stepping down. The gait pattern is determined on the basis of the estimated step height. We examined the feasibility of the proposed sensor and control systems for two kinds of steps with different height.
Introduction
Paraplegics with spinal cord injuries cannot keep standing and walking, and they use a wheelchair for mobility. Life in a wheelchair often results in secondary complications. Several researches have attempted to develop gait reconstruction systems for paraplegics. Feed-forward gait controls with functional electrical stimulation [1] or a wearable robot [2] make paraplegics walk. However, the adjustability of gait pattern according to the user's intention is required to walk under various environments. A human interface of the system is important to control movements of the paralyzed joints based on the user's intension [3] . In previous studies of wearable robotics, EMG signals are used for human interface to detect the user's intension [4] . However, voluntary EMG signals are not detected from leg muscles of paraplegics.
We have addressed the development of sensor and control systems for Wearable Power-Assist Locomotor (WPAL) shown in Figure 1 which assists leg movements of paraplegics. The stride length in walking is controlled from the distance of a preceding movement of a walker, which is measured by angleacceleration sensors [5] . A swing movement is triggered on the basis of the stability of zero moment point (ZMP) which is evaluated by ground reaction force [6] . It is more desirable to walk on various environments such as a step, stairs and rugged terrain. As a first approach to improve the locomotor functions, we developed a human interface and control system for walking on a step. We addressed three problems to assist walking on a step; (1) sensing of a step from a movement of a walker, (2) avoiding backward balance losses while climbing and stepping down and (3) generating gait patterns of climbing and stepping down. Figure 1 shows a wearable robot WPAL which has 6 actuators assisting extension and flexion movements of hip and knee joints and plantarflexion and dorsiflexion movements of ankle joints. The ranges of joint motion are ± 30 deg (hip extension and flexion), 0─120 deg (knee flexion), and ± 30 deg (ankle Figure 1 (b) shows the walking movement with WPAL assisting leg movements. To maintain the upright posture, arm support with a walker is required. Voluntary movements of a user are measured by angle-acceleration sensors and ground reaction force sensors. The angleacceleration sensors are attached to the front frame of the walker. The ground reaction force sensors are attached to the foot soles of WPAL [6] .
Sensing and control systems for walking on a step

Wearable robot and human interface
Figure 1(c) shows a signal processing diagram of the sensing and control system. A main controller (PC) determines the desired trajectories of the actuators, and motor drivers control rotational angle of the actuators using PID feedback control. The angle and acceleration of the walker movement and the force sensor signals are collected in the PC. The 3-axis ground reaction force, center of pressure (COP) and ZMP are calculated from the force sensor signals. On the basis of sensor signals, desired trajectories of the actuators are determined. A leg swing movement is triggered according to ZMP [6] . Our prototype system is not stand alone and WPAL is wired for PC and external power supply. The PC was used to collect the sensing and control data while walking on a step. We did not use batteries for the power supply to avoid a fall due to running out of power. In the following sections, the methods of the sensing of a step and the gait pattern generation are described.
Sensing of a step
A user moves a walker before climbing or stepping down. Detection of the step and estimation of the step height are performed on the basis of the angle of the walker. Figure 2 (a) shows the angular profiles of the walker related to a horizontal axis when the user moves the walker before climbing a step (a solid line) and walking on a level ground (a dashed line). Existence of a step is detected according to the angle threshold. The height h of the step is estimated by the angle of the walker on the step. According to the step height, it is A foot placement of the first step during climbing is important because a backward falling would be induced according to the relationship between foot and edge of the step (A and B in Figure 3 ). The position of COP must locate within the area of the plantar surface contacting the top of the step. Therefore, foot placement related to the edge can be detected by COP measured by the ground reaction force sensor. The right part of Figure 3 shows the distribution of the COP positions in landing trials of the first step. The circles and triangles indicate COP positions of landing on the top and the edge of the step, respectively. When the whole foot was on the step (A), the COP was located posterior in the sole. When the foot was on the edge (B), the COP was located more anterior. The difference of the distributions of the COPs at landing was evaluated using 95% confidence ellipse of A shown by the dashed line. The whole foot landing is judged when the COP at landing is located in the ellipse. Figure 4 (b) . While climbing, the robot raises the right foot on the top of the step. Then, the robot raises the left foot on the step. The sequence of stepping down from the step is as well as that of climbing consisting of the two-step procedures.
Gait pattern generation for climbing and stepping down
In a gait patterns generation, trajectories of toe position and foot angle of the swing leg related to a horizontal axis are determined to avoid a collision between the swing foot and the step. These trajectories are calculated on the basis of minimum jerk (change of acceleration) trajectory with via-point constraints [7] which are specified by the estimated height of the step. In addition, the stance knee joint angle is kept at maximum extension position (0 deg). Once the horizontal hip joint position is determined, the joint angle can be calculated using inverse kinematics equations with the toe position, foot angle and knee joint angle. The trajectory of hip position is determined so that the sum total of the squared joint angular jerk is minimized. The cost function is given by 
where N denotes the number of sampling. Avoiding rapid acceleration or deceleration of joint movement, the power of actuators can be decreased and balance losses of the user can be avoided. In addition, sufficient horizontal velocity of hip at toe-off in the second step would be required to avoid backward balance loss because the hip position is posterior to the leading foot and the gravity decelerates the progressional movement. Assuming that the dynamics of the body center of mass movement can be simplified as a linear inverted pendulum model and that the horizontal hip position is equal to the horizontal center of mass position, the horizontal velocity of the hip must satisfy the following condition to avoid backward balance loss [8] .
where t * denotes the time at toe-off, and ω indicates natural frequency of the inverted pendulum. Its value was given by 
From equation (3), we obtain a 0 =x 0 hip , a 1 = a 2 = 0. From equation (4), a 3 , a 4 , a 5 are represented by the coefficients over the 6th order terms as follows
The coefficients over the 6th order terms of the polynomial function were determined so that the sum total of the squared joint angular jerk was minimized subject to the condition at toe-off (equation 2). Since the coefficients of over the 9th order terms were almost 0 in preliminary calculations, the 8th order polynomial function was used to determine the hip trajectory. Due to the nonlinearity of the cost function, iterative procedure was required to calculate the optimal coefficients corresponding to the step height h. For the online generation for specified value of h, the relationship between the values of the coefficients and the height h were approximated by linear regressions. We confirmed that the optimal coefficients were constant or monotonically increase or decrease in relation to the height, and that the trajectories with approximated coefficients were little different from those with the optimal coefficients. Upper and middle figures in Figure 5 show gait patterns for climbing and stepping down with h = 0.06 m, respectively. As shown in (a) and (d), the joint angle profiles are smooth. The stick pictures of the first step, shown in (b) and (e), and the second step, shown in (c) and (f), show that the collision between the swing foot and the step does not appear. The lower figures in Figure 5 show horizontal velocity and position of hip during the second step. The solid and dashed lines indicate the trajectories with and without the condition to avoid backward balance loss, respectively. The trajectory without the condition shows that horizontal hip velocity is almost zero and much smaller than right-side value of equation (2) . On the other hand, the trajectory with the condition shows that hip position moves forward and the velocity is sufficiently large at toe-off.
Experiment
We performed the experiments of walking on steps to evaluate the feasibility of our system. To examine the walking on steps with different height, a user walked on each of steps with the height of 0.03 m and 0.06 m. Figure 6 (a) and (b) show the pictures of walking on a step with the height of 0.06 m. Our system enabled to assist the leg movement while climbing and stepping down for the steps. Figure 6 (c) shows COP trajectories during the second steps. The COPs at landing located within the 95% confidence ellipse and they moved forward during the second step, indicating that the backward balance losses were avoided during climbing steps with our system. 
Conclusion
We proposed a sensing and control system for walking on a step with a wearable robot. We demonstrated the feasibility of our system to assist climbing and stepping down for steps using the wearable robot.
The maximum height of a step for assistance with WPAL was 9 cm. This limitation was due to the range of motion in the hip actuators and can be overcome by improvement of the drive mechanism of hip actuators. For practical implementation, a main controller should be embedded to a microprocessor, and a battery system with fail safe would be required. In addition, the effectiveness of our system for paraplegics should be examined. 
